Within NASA's Project Prometheus, high specific impulse ion thrusters for electric propulsion of spacecraft for the proposed Jupiter Icy Moon Orbiter (JIMO) mission to three of Jupiter's moons: Callisto, Ganymede and Europa will require high voltage operation to meet mission propulsion. The anticipated ~6,500 volt net ion energy will require electrical insulation and propellant isolation which must exceed that used successfully by the NASA Solar Electric Propulsion Technology Readiness (NSTAR) Deep Space 1 mission thruster by a factor of ~6. Xenon propellant isolator prototypes that operate at near one atmosphere and prototypes that operate at low pressures (<100 Torr) have been designed and are being tested for suitability to the JIMO mission requirements. Propellant isolators must be durable to Paschen breakdown, sputter contamination, high temperature, and high voltage while operating for factors longer duration than for the Deep Space 1 Mission. Insulators used to mount the thrusters as well as those needed to support the ion optics have also been designed and are under evaluation. Isolator and insulator concepts, design issues, design guidelines, fabrication considerations and performance issues are presented. The objective of the investigation was to identify candidate isolators and insulators that are sufficiently robust to perform durably and reliably during the proposed JIMO mission.
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I. Introduction
The electrical isolation between spacecraft-potential ion thruster propellant tanks and the discharge chambers has always been a source of reliability and durability concern. Similarly, the need to mechanically support the thruster body and ion optics with high voltage differences from adjoining components represents a trade off challenge predominantly involving size, weight, structural considerations and durability. The NASA Solar Electric Propulsion Technology Readiness (NSTAR) program ion propulsion system used on the Deep-Space 1 spacecraft required xenon propellant isolation and insulation for potential differences of 1100 volts. 1 xenon at spacecraft ground and exit it at high voltage. The xenon propellant flow was controlled upstream of the cathode and main isolators, resulting in low pressures within the isolators but not so low as to cause Paschen breakdown for the operating conditions used. For higher voltage isolators the Paschen curve needs to be reconsidered to assure operation without breakdown. Although the Paschen breakdown curve for Xe has been investigated by numerous researchers, a wide range of breakdown voltages exists for the same pressure distance products as shown in Fig. 1 depending partially upon the geometry used and other unknown causes. [2] [3] The measurements for Paschen breakdown, in Fig. 1 , were all performed with much smoother surfaces than one would expect for the proposed JIMO mission. Thus, experimental testing appears warranted for the specific geometries being considered. The isolators in NSTAR were surrounded with overlapping stainless steel shadow shielding to prevent any line of sight arrival of sputtered conductive material from depositing on the surface of the alumina.
High voltage electrical insulators used in NSTAR consisted of similar but smaller alumina hollow cylinder with brazed Kovar ceramic to metal end caps which were threaded to attach the screen and accelerator grids to a mount ring at spacecraft ground. Double shadow shielding was also used on the insulators. Some of the major challenges for the development of xenon propellant isolators and insulators for the JIMO project are the factors-higher requirements for electrical isolation voltages, hours of operation, and total xenon throughput in comparison to the NSTAR Deep Space 1 thruster. Loss of acceptable electrical isolation for either the isolators or the many insulators used to support the thruster body and/or ion optics would terminate operation of the thrusters. Table I compares the thruster parameters relevant to isolators and insulators assumed for design for the JIMO project with those of the NSTAR Extended Life Test (ELT) thruster. As can be seen from Table I , the greatly higher levels of expected voltage, duration of operation and implicit amount of sputtered material that will be generated by the JIMO thruster in both ground facility durability testing as well as on its in-space mission will require conservatism in the design of both the JIMO isolators and insulators to assure acceptable performance and reliability for the duration of operation required. 100 1000 10000 100000 
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II. Apparatus and Procedure
Knowing the design and success of the NSTAR-Deep Space I and ELT ion thrusters and the requirements for the proposed JIMO mission, design considerations and guidelines were developed with the intention of contributing to increased mission performance, durability, and reliability. The design assumptions and guidelines for Xe propellant isolators and insulators were:
1. 6,500 volt operation 2. 10,000 volt stand off for a safety factor of 1.5 above the operating condition 3. Shadow shielding gaps must exceed ion optics gap by 50% to assure electrical breakdown will always occur between the ion optics rather than in the vicinity of the alumina surfaces 4. Shadow shielding for both the screen and accelerator ion optics insulators will be identical to allow the screen grid to be raised to the beam supply potential for flake clearing 5. Alumina used for Xe propellant isolators and insulators to be at least 97.6% pure Al 2 O 3 6. ~250 C operation of isolators and insulators 7. ~45 standard cubic centimeters per minute (sccm) Xe flow rate to discharge chamber and 5 sccm to the cathode 8. Designs must include -High pressure (~1 atmosphere) compatible configurations -Low pressure (< 100 Torr) compatible configurations 9. Contamination tolerance 10. Structural integrity to tolerate applied loads from vibration and thermally induced stresses 11. Ceramic cylinder geometries to have length to diameter ratios less than or equal to NSTAR geometries for structural considerations relating to vibration and bending load tolerance 12. Able to be mounted on thruster body or ground potential housing.
The designs considered the following failure modes for Xe propellant isolators and insulators: The criteria used for down selection of the propellant isolators and insulators to be investigated are listed below:
1. Durability to Paschen breakdown 2. Durability to external surface conductivity failure 3. Durability to internal surface conductivity failure 4. Durability to bulk ceramic conductivity failure 5. Durability to mechanical failure during launch vibration 6. Durability to mechanical failure from thermally induced stresses 7. Acceptability of overall size 8. Acceptability of overall mass (insulators only) 9. Acceptability of overall cost 10. Thermal expansion compliance to minimize stresses on ion optics (for insulators only) 11. Ability to operate at <<1 atmosphere to minimize propellant residuals (for high pressure isolators only) 12. Ability to operate at low upstream pressures (for low pressure isolators only)
Experimental and analytical evaluations of isolator and insulator concepts and prototypes has been conducted with testing initiated in a variety of facilities to both assess concepts and to test prototypes under vacuum. Figure 2 shows a photograph and schematic diagram of a Xe propellant isolator test facility constructed to perform high voltage leakage testing under thermal, propellant flow and low pressure environmental conditions. The alumina used for evaluation of Xe propellant isolators and insulators was at least 97.6% pure Al 2 O 3 . The facility is unique in that the pressure in the isolator is independent of the pressure surrounding the isolator of the cryopumped test chamber. Tungsten halogen lamps are used to provide heating of the isolators to simulate thruster operational temperatures.
To assure that Xe Paschen breakdown will not occur under all expected ground laboratory and in-space environmental conditions, a test facility was constructed to assess breakdown simulating coaxial shadow shields. Figure 3 shows pictures of that test facility. The assessment of the ability of the shadow shields and surface morphology of the isolators and insulators to tolerate an incoming flux of conducting condensable sputtered or pyrolyzed organic contaminant will be performed in a cryopumped vacuum facility which allows evaporation or sputter deposition of conductive materials such as carbon or metals as shown in Fig. 4 . This facility also allows the isolator or insulators to be heated with tungsten halogen lamps to simulate thruster operating temperatures while measuring leakage current before and after impinging contaminants toward the isolators or insulators to purposely trying to contaminate their external surfaces.
a. Photograph
III. Results and Discussion
A. Xe Propellant Isolators
The following types of Xe propellant isolators were down selected for fabrication and experimental evaluation.
1. Straight tube cryobrake 2. Wavy or grooved external surface straight tube cryobrake 3. Porous ceramic-filled core 4. Wavy or grooved external surface with porous ceramic-filled core 5. Internal spiral with porous fused-ceramic particles 6. Wavy or grooved external surface with internal spiral with porous fused-ceramic particles 7. Shielded negative terminal with porous fused-ceramic particle-filled core 8. Wavy or grooved external surface shielded negative terminal with porous fused ceramic particle filled core
The wavy or grooved external surface consists of saw cuts in the alumina with half round roots (to reduce stress concentrations). The saw cuts are approximately 4 times as deep as they are wide to provide an external surface path length that is approximately 3.7 times longer than the smooth surface isolator. Figure 5 is a picture of a wavy or grooved external surface isolator without and with shadow shielding which was configured in accordance to the design assumptions and guidelines in section II.
a. Without shadow shields b. With shadow shields attached
Figure 5. Wavy or grooved external surface isolator
The straight tube cryobrake design would only be applicable for a high pressure isolator but would not be adequately long for a low pressure isolator. To enable electrical isolation at low pressures with an overall isolator length that is acceptably short to enable it to be structurally robust, a longer path length can be achieved by filling the isolator with a porous medium. The porous medium of choice would be made of alumina with pore sizes adequately small to attenuate electron avalanches from developing into arcs. The porosity also needs to be adequate to allow the required Xe flow with acceptable pressure drops across the isolator. Tests were conducted using various particle size alumina green stock (which would be fired to produce the final alumina) using air, at one atmosphere, to assess the dependence of particle fill size on breakdown strength. The particles cause the breakdown path to occur in random locations rather than making a track that may occur if any conductive material was sputtered during repeated arcing. Figure 6 shows three photos of sequential electrical breakdowns in a fused silica tube filled with 550 micron green stock particles indicating that the breakdown path varies.
The effect of particle size on Paschen breakdown at low pressure was explored for alumina green stock particles in air using the same fused silica tube technique to find if there is significant merit in filling the isolators with a porous insulating media. Figure 7 shows a plot of the breakdown voltage gradient as a function of particle size in air at 31.7 Torr with a 13.88 mm gap. Also shown on the plot is the breakdown voltage gradient for the same gap with no fill material. As can be seen there can be up to a factor of 3.3 increase in breakdown strength by filling the gap with fine (329 micron) particles. Loose particles can leave a void in the electric field gradient direction which would provide an easy ionization path through the isolator with no gain in field strength over a simple unfilled isolator. Thus, the porous media needs to be fused to the impervious outer cylinder to take advantage of the particles. A problem occurs if one fires an alumina green stock powder filling an alumina green stock cylinder. The typical shrinkage that occurs as a result of firing the bulk green stock of the bulk material is less than for the granular or powdered green stock. This causes voids to form down the length of the isolator as can be seen in Fig. 8 . A solution to this problem appears to be to use a combination of green stock particles and already fired particles or microspheres to fill the green stock cylinder. The length of the isolator has a strong influence over the breakdown voltage as can be seen in Fig. 9 for 600 micron alumina microspheres at 31.7 Torr in air. As can be seen from Fig. 9 there appears to be approximately a linear gain in breakdown strength as a function of gap length for the microsphere filled isolator as one would suspect from simple parallel gap Paschen breakdown behavior. The increase in path length provided by spherical particle filled isolators required for the initiation of Paschen breakdown is simply the shortest path length around hexagonally packed spheres and is 17% longer than for an unfilled isolator and independent of microsphere size. At the outer perimeter of a microsphere-filled isolator, the path length for electrical breakdown is simply the overall length and is not a tortuous path as in the hexagonally packed core. At this interface the path length is ~83 % of that of the core (see Fig. 10 ).
Figure 10. Interface between a 600 micron diameter microsphere filled isolator and its fully dense outer cylinder.
Thus, breakdown will tend to occur around the interface between the microspheres and the fully dense outer sleeve unless special measures are taken to cause the perimeter interface to be more complex or extended in actual path length.
The shielded negative terminal isolator concepts are specifically designed to inhibit conductive ceramic-to-metal seal atoms from migrating on the inner and/or outer surface of the isolators thus causing electrical leakage. The configuration imbeds the negative ceramic to metal seal into the alumina and can be used for high pressure cryobrake, porous filled configurations and wavy or grooved external surfaces.
As shown in Figs. 7 and 9 , smaller particles and overall path length are important in preventing the initiation of breakdown and path length increases from hexagonal packed microspheres only adds 17 % to the path length but only in the core of a porous particle filled isolator. Thus, it appears that the most promising porous particle-filled isolator would make use of a mixture of fine particles, alumina microspheres in a long path length such as an internal spiral. Such a combination would allow green stock firing shrinkage to match in the porous core and nonporous outer cylinder to match with significant inhibition of the buildup of avalanche breakdown through electron collision with closely spaced alumina surfaces.
B. Electrical Insulators
Two versions of electrical insulators were down-selected based on the criteria listed in the Apparatus and Procedure section. They are:
1. Wavy or grooved external surface ceramic-to-metal sealed alumina "H" cross section cylinder 2. Smooth external Wavy surface ceramic-to-metal sealed alumina "H" cross section Both configurations are being fabricated for performance and durability evaluation. The wavy or grooved external surface insulator should be more durable to electrical breakdown from contamination caused by sputter deposition, arcing, spalled conductive flakes or pyrolyzed organic contamination. However, the tension, torsion, shear, and bending strength of both configurations exceed that of the NSTAR ion optics insulators as can be seen in Table II . This is important because of the heavier ion optics and probable larger launch vibration loads expected. Both of the configurations are double shadow shielded in accordance with the same design assumptions and guidelines for the isolators. Although the NSTAR optics insulators are simple hollow cylinders, the insulators under consideration for JIMO are "H" shaped in cross section. The purpose of the "H" cross section is to prevent any possibility of electrical breakdown on the inside of the insulators as a result of any conductive surface contamination from arcing, sputter deposition, metal migration or pyrolyzation of organic contamination from the spacecraft.
IV. Conclusion
Design assumptions and guidelines were used to identify candidate Xe propellant isolator and insulator designs which are thought to be sufficiently conservative and robust to meet the needs of the proposed JIMO mission which greatly exceed those of the NSTAR Deep Space I mission. Down selection criteria were developed and used to identify eight isolator and two insulator designs for fabrication and evaluation. Preliminary testing of Paschen breakdown for various size particle filled isolators was performed as well as evaluation of issues associated with fabrication of porous filled isolators. Based on the evaluations and testing performed most promising isolator concepts appear to be porous particle filled isolators which make use of a mixture of fine particles, alumina microspheres in a long path length such as an internal spiral.
Insulators for both the screen grid and accelerator grid as well as thruster body are identical with two configurations being considered. The insulators exceed the mechanical properties of the NSTAR thruster and are "H" shaped in cross section to prevent electrical breakdown on the inside of the insulators.
